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Crystal Structure of Transcription Factor
MalT Domain III: A Novel Helix Repeat Fold
Implicated in Regulated Oligomerization
Introduction
The maltose regulon of Escherichia coli has been used
as a model system for regulated transcription activation
since the first studies on transcription control about 30
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82152 Planegg-Martinsried years ago (reviewed in [1]). The gene products of this
regulon are responsible for uptake and catabolism ofGermany
2 Unite´ de Ge´ne´tique Mole´culaire malto-oligosaccharides [2]. Transcriptional activator
MalT is the central regulator of the maltose system andUnite´ de Recherche Associe´e Centre National
de la Recherche´ Scientifique 1773 integrates multiple regulatory signals [3]. MalT activates
some of the mal operons alone and some of them inInstitut Pasteur
25 rue de Dr. Roux synergy with cAMP receptor protein (CRP) [1]. The unli-
ganded form of MalT, a 103 kDa protein, is monomeric in75724 Paris Cedex 15
France solution but oligomerizes in the presence of the positive
effectors ATP and maltotriose [4]. Raibaud et al. [5] pro-
posed a model with the DNA wrapped around an oligo-
meric MalT complex. In CRP-dependent mal promoters,Summary
CRP assists in the assembly of the complex by properly
positioning MalT [6] and by bending the DNA [7]. TheBackground: MalT from Escherichia coli, the best-
ATPase activity of MalT was proposed to promote disas-studied member of the MalT family of ATP-dependent
sembly of the active MalT complex, since MalT self-transcriptional activators, regulates the genes for malto-
association, promoter binding, and open complex for-oligosaccharide utilization. The active form of this 4 do-
mation do not require ATP hydrolysis [4].main protein is a homooligomer, and its multimerization
MalT activity is not only modulated by DNA conforma-is induced by the binding of maltotriose. Domains II and
tion and small ligands, but it is also negatively regulatedIII of MalT were suggested to mediate the oligomeriza-
by the proteins MalK [8], MalY [9], and Aes [10]. MalKtion process, but its molecular mechanism and the spe-
and MalY were shown to interact physically with MalTcific functions of these domains remain to be identified.
[11, 12]. MalK is the ATP binding subunit of the maltose
transport system and is suggested to couple the levels
Results: We solved the crystal structure of MalT do- of substrate transport and mal gene transcription [11].
main III at 1.45 A˚ resolution by multiple isomorphous MalY is a cytoplasmic protein with C-S lyase activity,
replacement phasing. The structure reveals eight copies but repression of MalT activity is independent of this
of a two-helix bundle motif arranged in a novel, right- enzymatic activity [13]. MalY-dependent repression can
handed superhelix fold with closed walls, followed by a be overcome by the addition of maltotriose [12], sug-
small C-terminal subdomain. The MalT superhelix con- gesting that MalY acts on the monomeric form of MalT.
tains a potential maltotriose binding site and forms a The physiological function of MalY and its effect on MalT
large hydrophobic protein-protein interaction interface activity remain to be identified. This also applies to the
that mediates the contact between two MalT domain third repressor, Aes, that shows sequence similarity to
III molecules. Structure-based analysis of the two-helix lipases and possesses esterase activity [10].
bundle motifs revealed a novel degenerated sequence MalT is the most widely studied member of the MalT
pattern, and repeats of this pattern could be identified family of large transcription factors (between 832 and
in other regulator proteins. 1159 amino acids), which is also called the LAL family
(large ATP binding regulators of the LuxR family) [14].
Conclusions: MalT domain III contains a novel superhe- These proteins contain a nucleotide binding motif (P
lix fold. Its protein-protein interaction interface, how- loop, Walker A motif) near the N terminus and a C-ter-
ever, resembles protein binding sites of other superheli- minal LuxR-type helix-turn-helix motif. These two parts
cal proteins, suggesting a model with domain III were suggested to be responsible for a common mecha-
mediating MalT oligomerization. Maltotriose seems to nism of ATP-regulated transcription activation, whereas
modulate the interaction interface and MalT oligomer- the nonhomologous central parts should bind effectors
ization by occupying the ligand binding site inside the for specific regulation of the respective transcription
superhelix. Similar structural and mechanistic features factor [14]. Four domains were identified in MalT by
in other MalT protein-family members and unrelated reg- limited proteolysis [15]. The ATP binding site resides in
ulator proteins are indicated by the reappearance of a domain I (DT1; residues 1–241). Domain II (DT2; residues
novel sequence motif derived from the MalT domain III 242–436) and domain III (DT3; residues 437–806) com-
structure. prise the central part of MalT. DT2 could be shown to
display weak homology to the other family members,
3 Correspondence: clemens_steegborn@gmx.de
4 Present address: Department of Chemistry, The Scripps Research Key words: crystal structure; MalT; protein-protein interaction; su-
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Structure
1052
Table 1. Data Collection and Refinement Statistics
Native (100 K) Native (293 K) [Ta6Br12]Br2 (293 K) K2PtCl6 (293 K) K2PtCl4 (293 K) Thiomersal (293 K)
Limiting resolution (A˚) 1.45 2.6 3.2 3.2 3.15 3.5
Unique reflections 86,222 15,120 7,622 8,085 7,741 5,921
Percent completeness (final shell) 98.9 (99.2) 93.7 (86.9) 86.2 (70.7) 92.0 (85.1) 84.2 (71.3) 87.3 (87.4)
Rmergea (final shell) 5.3 (24.8) 10.5 (30.4) 8.4 (24.6) 8.6 (18.4) 9.7 (20.6) 7.7 (19.6)
Number of sites — — 1 2 3 1
Phasing powerb — — 1.8c 1.4 1.7 0.5
Mean figure of meritd
MIR/after density modification 0.448/0.753 (3.2 A˚ limiting resolution)
Refinement
Resolution range 1.45–12.0 A˚ Rms deviation from ideality
R factor/Rfree factore,f (%) 18.9/20.7 Bond lengths 0.007 A˚
Number of atoms Bond angles 1.2
Active protein atoms 2,977 Average B factor
Active solvent atoms All atoms 22.0 A˚2
Water 408 Protein atoms 20.4 A˚2
Sulphate 40 Solvent atoms 32.7 A˚2
Glycerol 6 Rms deviation bonded B 2.1 A˚2
Benzoic acid 9
a Rmerge 
(I  I)
I
; I is the intensity of an individual measurement and I the corresponding mean value.
b Phasing power  rms (|FH|/E); |FH| is the heavy atom structure factor amplitude and E the residual lack of closure.
c The value refers to 2,134 reflections up to 5.0 A˚ resolution, as only those data were used for phasing.
d Figure of merit m 
|F(hkl)best|
|F(hkl)| ; |F(hkl)| is the amplitude of an individual structure factor amplitude, and |F(hkl)best| is the best estimate for this
amplitude.
e R factor 
|Fobs|  k|Fcalc|
|Fobs|
; |Fobs| is the observed and |Fcalc| the calculated structure factor amplitude.
f Rfree was calculated from 10% of measured reflections omitted from refinement.
whereas with DT3, only weak if any homology was de- final R and Rfree values of 18.9% and 20.7%, respectively.
Continuous density for all main chain atoms was visibletected. DT3 binds the positive effector maltotriose
weakly. This binding affinity is increased significantly in in 2Fobs  Fcalc maps, except for two residues at the N
terminus and five residues at the C terminus, respec-the presence of DT2 [15]. For the isolated DT2 domain,
however, no maltotriose binding could be detected tively. The mean error of atom positions, determined by
using the crossvalidated A method [16], is 0.13 A˚. The(O.D., unpublished data). The C-terminal domain IV (DT4;
residues 807–901) contains the helix-turn-helix DNA stereochemical parameters of the final model are in
good agreement with standard geometry values (Tablebinding motif.
Structural studies on MalT are in progress in order to 1). All nonglycine main chain dihedral angles are within
energetically favorable regions of the Ramachandranimprove our understanding of regulation and transcrip-
tion activation through formation of oligomeric nucleo- plot [17], with 95% of the angles in the most favorable
area.protein complexes. Here, we report the crystal structure
of DT3 solved at 1.45 A˚ resolution. The main part of this
MalT domain contains eight copies of a novel degener- Overall Structure of DT3
DT3 belongs to the all- family of protein structures. Ofate sequence motif that can be found again in other
MalT family members as well as in unrelated proteins. the 366 structurally defined amino acids, 79% adopt
helical conformation, 14% form turns, and 7% are inThe MalT motifs form two-helix bundle units arranged
in a novel compact superhelix. A potential maltotriose coil regions (Figures 1a and 1b). The rod-shaped mole-
cule has an overall size of 83 A˚  45 A˚  45 A˚ andbinding site and a large protein-protein interaction inter-
face suggest a model with DT3 regulating MalT activity can be divided into two subdomains. The 16 N-terminal
helices are folded in eight successive two-helix bundlesby mediating maltotriose-dependent oligomerization.
that are arranged in a novel right-handed superhelix fold.
The three C-terminal helices form a small subdomainResults and Discussion
packed against the base of the superhelix (Figures 1a
and 1b).Quality of the Final Model
The crystal structure of DT3 was solved by using the In the superhelix subdomain, the first helix (helix A)
of each two-helix bundle is part of the inner surfacemultiple isomorphous replacement (MIR) technique with
four heavy-metal derivatives (Table 1). There is one DT3 of the superhelix, whereas the second helix (helix B)
dominates the outer surface (Figure 1a). The two-helixmolecule (residues 437–806 of MalT, with an N-terminal
G and a C-terminal GA extension) in the asymmetric bundles exhibit a high degree of structural similarity.
Pairwise superposition of the motifs spanning 39–42unit, and the structure was refined at 1.45 A˚ resolution to
Crystal Structure of MalT Domain III
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Figure 1. Overall Structure of DT3
The course of the polypeptide chain is illus-
trated by a color ramp starting at the N termi-
nus with blue and ending at the C-terminal
subdomain with red.
(a) Ribbon presentation of the DT3 secondary
structure elements. The two-helix bundles
are numbered consecutively; the first helix of
each bundle is positioned on the inner side
of the superhelix and labeled with an A.
(b) Stereo view of a C trace with residue
numbers included.
residues results in C rmsd values between 0.3 A˚ and C-terminal end of helix 6B is substituted by an extended
loop conformation.1.2 A˚. Helix B shows a variability in length ranging from
10 to 17 residues, whereas helix A is more conserved, The described arrangement of the helices results in
a right-handed superhelix with an outer diameter ofcomprising 16–18 residues, with the exception of helix
1A, which has 20 residues. At the junctions between about 35 A˚ and an inner diameter of about 14 A˚. The
helix bundles are tilted around an axis perpendicular tohelices A and B, tight - or 	-turn geometry is predomi-
nant. Despite a higher degree of variability, tight turns the superhelix axis. One turn of the superhelix consists
of ten helices and has a pitch of 30 A˚. Each bundle isare also characteristic for the connections among suc-
cessive two-helix bundles. Helices A and B are packed in close contact with its fifth successor, causing the
superhelix to have closed walls. The turn between heli-with tilt angles varying from 23 to 27, with the exception
of 15 for bundle 3. Adjacent helix bundles exhibit a ces A and B of a bundle n is staggered above the gap
between the helices of the n 
 5 bundle. In this turn, amean tilt of 30, with the individual values ranging from
18 to 42. The largest deviation from the regular arrange- glycine residue is conserved (Figure 2a) due to the steric
and geometric demands at this position (Figure 2b). Inment is observed between helices 6B and 7A, where the
Structure
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Figure 2. The SUPR Helix Repeat Motif in
DT3
(a) Alignment of the sequences of the DT3
two-helix bundle motifs. Average locations of
helices A and B are indicated below the align-
ment. Conserved residues are indicated by a
red background; positions mainly occupied
by residues of similar physical properties are
colored yellow. Numbering relative to the con-
served glycine is given at the top. DT3-like mo-
tifs were also found in other MalT family mem-
bers like Streptomyces coelicolor SC3A7.02c
(TrEMBL: O86603), as well as in unrelated
proteins like an Archeoglobus fulgidus pro-
tein homolog (PIR: A69496).
(b) Part of two-helix bundle 3 and its neigh-
bors, bundles 2, 4, 7, and 8. The moderately
conserved residues involved in helix packing
are labeled (in italics) with their positions rela-
tive to the conserved glycine (see Figure 2a).
(c) Comparison of superhelix folds. The DT3
superhelix (I) and the TPR model (II) obtained
by elongation of the experimentally deter-
mined hPP5 structure share local similarity.
The HEAT repeats of importin  (III) most
closely resemble the closed walls of the DT3
superhelix.
addition to hydrophobic and polar side chain and main between G  8 and G  9 of the following motif. Due
to the superhelical arrangement of helices resulting fromchain contacts, it is conceivable that electrostatic inter-
actions between the helix dipoles contribute to the sta- the described pattern, we propose to call this motif
SUPR (superhelical peptide repeats).bility of the superhelix.
The structural similarity between the two-helix bun- In the small C-terminal subdomain, the short  helix
C1 (four residues) connects a two-helix bundle of helicesdles is only weakly reflected at the sequence level (Fig-
ure 2a). Most of the positions with conserved physico- C2 and C3 to the end of the superhelix (Figures 1a and
1b). The two helices, comprising 14 residues each, arechemical properties are involved in stabilization of the
individual two-helix bundles and the arrangement of oriented almost perpendicular to the superhelix axis.
The short connecting helix is positioned at the bottomsuccessive bundles, mainly by hydrophobic interac-
tions. A conserved alanine in the N-terminal part of helix ridge of the superhelix and mimics contacts observed
between bundles of successive superhelical turns. TheB, five positions downstream from the conserved gly-
cine (i.e., G 
 5), is oriented into the packing interface C-terminal bundle is displaced from the superhelix cen-
ter, so that the superhelix tunnel is solvent accessible.of helices A and B. Its small, hydrophobic side chain is
tightly packed between the C atoms of the residues
three and four positions upstream of the glycine (G  Comparison to Known Helix Repeat Folds
Comparison of the DT3 structure with structures depos-3 and G  4). G  3, furthermore, contacts the side
chain of G 
 2. G  11 also points into the packing ited with the Protein Data Bank (PDB) revealed only local
structural similarity to other two-helix bundle repeatinterface of helices A and B, between the side chains
of residues G
 11 and G
 12. A contact to the previous folds, most notably to the three tetratrico peptide re-
peats (TPRs) of human protein phosphatase 5 (hPP5;bundle is established by G  5 that interacts with G 
3 and G 
 6 of the preceding motif. G 
 9 also contrib- [18]) (DALI Z score 14.3, rmsd for 142 C positions 2.5 A˚)
and to related TPRs [19–21]. The TPR is a degenerateutes to this interface between two bundles by packing
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34 amino acid repeat motif that mediates protein-protein this group of proteins possibly employ a MalT-like mech-
anism of ATP-modulated oligomerization for the regula-interactions [19, 22]. The TPR motifs fold into an antipar-
allel helix-loop-helix structure stabilized by interactions tion of their activity. The second group in Table 2 is
formed by two proteins with the GGDEF motif of un-of a conserved pattern of small and large hydrophobic
residues [18, 23]. In the larger motif of DT3 described known function [32]. The presence of SUPR motifs in
these proteins indicates that the superhelical architec-here, longer helices and a deviating hydrophobic pack-
ing lead to a different conservation pattern (Figure 2a) ture of DT3 could occur in a wide range of regulator
proteins.and overall structure (Figure 2c). Extrapolation of the
structure of the TPRs in hPP5 to a repeat of twelve TPRs A database search with a sequence profile generated
from the DT3 motifs also yielded entries annotated to[18] resulted in a superhelix with a pitch of 60 A˚, a helical
repeat of approximately seven motifs, and a diameter contain the related TPR motif, e.g., an Archeoglobus
fulgidus protein homolog (PIR: A69496; Figure 2a). Sev-of 42 A˚ (Figure 2c). The superhelix packing in DT3 is
tighter, indicated by a pitch of 30 A˚, five motifs per turn, eral features indicate that this sequence contains DT3-
like repeats instead of TPR motifs. The three repeatsand a diameter of 35 A˚. Local structural similarity but a
different overall structure is also encountered with the vary in length between 40 and 44 amino acids; TPRs
normally have a constant length of 34 residues. Theadaptor protein Sec17 [24] (Z value 11.9). Its two-helix
bundles form a stretched superhelix with a pitch twice glycine and alanine G 
 5 residues characteristic for
the DT3-motif are strictly conserved in A69496. Thethat of the modeled TPRs and therefore an even shal-
lower superhelical groove. The helix repeat folds of the amino acid pattern at the weaker conserved positions
also matches the DT3 repeat better than the TPR motif.leucine-rich variant repeat (in LRV protein; [25]), the
HEAT motifs (e.g., in PR65A; [26]) and similar helix dou- These deviations from the TPR motif suggest the need
for a reexamination of the classification of several pro-ble layers (e.g., in protein farnesyltransferase; [27]),
clathrin heavy chain [28], and the armadillo motif (e.g., tein sequences.
in -catenin; [29]) show only low structural similarity with
Z scores below 6.0. Potential Maltotriose Binding Site
In summary, it is evident that, despite the local similari- In the center of the superhelix tunnel of DT3, a glycerol
ties between the structure of the DT3 SUPR motifs and molecule was identified (Figure 3a). Glycerol served as
some other helix repeat structures, the differences in cryoprotectant, and analysis of the native data mea-
helix and motif length as well as in the stacking of the sured at room temperature showed no respective den-
helices result in different overall tertiary structures. sity. B factors of about 26 A˚2 indicate tight binding and a
Comparison of the global structural features shows that high occupancy for the glycerol. The molecule interacts
the compact SUPR superhelix is most closely resembled with Gln617 (3.1 A˚) and Arg696 (3.2 A˚); with water mole-
by the HEAT repeats of human importin  [30]. Differ- cules S843 (2.7 A˚), S899 (2.8 A˚), and S927 (2.9 A˚ and
ences in the overall folds, however, are manifested in a 3.0 A˚); and with a tightly fixed sulfate ion (2.7 A˚ and
50 A˚ diameter and a narrow split between the superheli- 2.8 A˚). This sulfate ion is bound by Gln578 (2.7 A˚ dis-
cal turns of importin  (Figure 2c). tance), Gln617 (2.9 A˚), Lys654 (2.8 A˚), Arg729 (2.8 A˚ and
3.1 A˚), and His766 (2.8 A˚) and interacts with solvent
molecules S712 (2.8 A˚), S1080 (2.6 A˚), and S1211 (2.9 A˚).SUPR-Like Motifs in MalT Family Members
The conformation of the bound glycerol mimics C4 toand in Unrelated Proteins
C6 of a glucopyranose molecule. Glycerol O3 occupiesInspection of the sequences of the MalT protein family
the C6 position of a potential sugar ligand, but additionalmembers revealed tandemly repeated patterns resem-
density indicates a second conformation with O3 ori-bling the SUPR motif in the parts corresponding to do-
ented like O5 of a glucose molecule. The binding sitemain III in MalT. Figure 2a shows the six repeats found in
occupied by glycerol would provide space and appro-Streptomyces coelicolor SC3A7.02c that closely match
priate interaction partners for accommodation of thethe SUPR pattern. The reappearance of the degenerate
MalT inducer maltotriose, and binding of this sugar tosequence pattern indicates that these domains seem to
DT3 was in fact recently observed by fluorescence stud-be structurally related, although no homologies between
ies in solution [15]. Soaking the DT3 crystals with malto-the domains III of MalT family members had been ob-
triose caused them to crack, possibly indicating a con-served before. This finding reinforces the assumption
formational change in DT3 upon maltotriose binding.that the central domains of MalT family members have
Conversely, soaking with glucose neither harmed thea common function in ligand-regulated oligomerization
crystals nor resulted in new electron density, suggesting([14, 15]; see below). With a sequence profile deduced
that an oligomeric sugar is needed for efficient binding,from the motifs found in MalT (SwissProt:P06993),
as observed for maltose binding protein and maltodex-SC3A7.02c (TrEMBL:O86603), OrfV (TrEMBL:Q9ZFX8),
trin phosphorylase [33, 34].and AcoK (TrEMBL:Q48411), seven more protein se-
quences with three or more tandemly repeated SUPR
motifs could be identified (Table 2). The sequences in Crystal Contacts and Protein-Protein Interactions
The interaction between the DT3 monomers related by theTable 2 can be divided into two groups. The first group
includes eight transcriptional regulators. The sequences crystallographic two-fold rotation axis is quite extensive
(Figure 3b), burying 12% (2111 A˚2) of the solvent-acces-of these proteins are about 900 amino acids long and
contain a Walker A nucleotide binding motif [31] in addi- sible surface of the monomer (17,480 A˚2). The helices
1A of the two monomers are positioned in an antiparalleltion to the SUPR motifs. These similarities suggest that
Structure
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Table 2. Protein Sequences Containing Tandem Repeats of Three or More SUPR Motifs
Minimum number
Protein Species Accession code Length (aa) Function of SUPR motifs
SC3A7.02c S. coelicolor TrEMBL:O86603 892 Putative transcription regulator 6
MalT E. coli SwissProt:P06993 901 Transcription activator 8
AcoK K. pneumoniae TrEMBL:Q48411 921 Transcription activator 3
OrfV P. alcaligenes TrEMBL:Q9ZFX8 877 Putative transcription activator 7
SCJ21.13 S. coelicolor TrEMBL:Q9S1Z4 919 Putative transcription regulator 3
GGDEF family protein D. radiodurans TrEMBL:Q9RYH1 860 Unknown 6
GGDEF family protein D. radiodurans TrEMBL:Q9RYL5 533 Unknown 6
AfsR S. coelicolor SwissProt:P25941 993 Transcription activator 6
SC9C5.28 S. coelicolor TrEMBL:CAB93384 750 Unknown 3
MTV036.21 M. tuberculosis TrEMBL:O53720 1,085 Transcription regulator 5
SCM1.10 S. coelicolor TrEMBL:Q9RD32 888 Putative transcription regulator 3
The sequences are ordered according to the average fit of their motifs to the SUPR profile.
manner. They interact with each other, as well as with Residual electron density in a hydrophobic cleft of the
dimer interface resembled a six-membered planar ringthe concave surface formed by motifs 1–5 of the partner
monomer. The superhelical ridges built by the loops system with a substituent pointing toward polar interac-
tion partners. Tentatively, benzoic acid was fitted intoconnecting these motifs also interact with each other.
The interaction interface has a primarily hydrophobic this density. Identification of this compound and its
physiological function will be subject to further studies.character with 65% of the atoms being nonpolar. The
protein-protein contact further contains ten hydrogen Two interpretations for a physiological function of the
protein-protein interaction interface have to be consid-bonds and four salt bridges. Size and hydrophobicity of
the contact surface are typical for buried regions of ered. (1) The observed dimer could be the building block
of the MalT oligomer (Figure 4, model I). Indeed, maltotri-proteins and interaction sites in oligomeric proteins [35],
suggesting that it represents a physiological protein- ose-dependent oligomerization of MalT seems to pro-
ceed via a dimeric form [4]. Oligomerization of the dimerprotein interaction site. All known helix repeat folds have
been suggested to promote protein-protein interactions would then proceed through another—yet to be identi-
fied—contact surface on the full-length protein. The lack[24, 28, 36]. They either exploit their superhelical groove
for binding (e.g., in importin ; [30]), or they use their of the oligomerization-inducer maltotriose in the crystal-
lization solution, however, seems to favor an alternativesuperhelix ridge as interaction interface (e.g., in protein
phosphatase 2A PR65/A; [26]). In the DT3 crystal struc- interpretation, (2) that the observed contact locates a
protein-protein interaction site occupied in a nonphysio-ture, a combination of these two binding modes is ob-
served (Figure 3b), as it is also found in the complex of logical manner. In this case, DT3 uses this interaction
interface for a crystal contact, whereas in active full-the ankyrin repeat protein IB with NF-B [37].
Figure 3. Protein-Protein Interaction Inter-
face and Ligand Binding Site of DT3
(a) Binding site within the DT3 superhelix tun-
nel. Water molecules and side chains close
to the glycerol molecule and the sulfate ion
are included. The 2Fobs Fcalc electron density
at 1.45 A˚ resolution was contoured at 1.8 .
(b) Ribbon drawing of the DT3 dimer found
in the crystal lattice. The extensive interaction
between the two monomers is mediated by
the hydrophobic ridge of the superhelix and
by the N-terminal helix that is laid into the
superhelix groove of the partner monomer.
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Figure 4. Models for the Assembly of Active MalT Oligomers
In model I, dimers form by homologous interactions between the DT2s and DT3s of two MalT molecules, whereas in model II, the dimer is
formed by heterologous crossover interactions between the DT2s and DT3s. Interactions between these dimers through a yet-to-be-identified
additional contact surface within the full-length MalT protein then lead to formation of oligomers. In model III, each MalT molecule uses its
DT2 and the identified DT3 contact surface for heterologous interactions with two different partners, enabling MalT oligomerization without
an additional contact surface. In all three models, oligomerization is initiated by binding of maltotriose to the superhelix tunnel of DT3.
length MalT, the interface is involved in heterologous one MalT monomer and the DT3 superhelix of the follow-
ing MalT molecule (Figure 4, model III).interactions (Figure 4, models II and III). Complex forma-
tion between isolated DT3 and DT2 proteins was indeed The way maltotriose modulates the oligomerization
remains to be elucidated. Bound in the DT3 superhelixobserved in solution (O.D., unpublished data). This sec-
ond interpretation is further supported by the fact that tunnel, it could directly contact the interacting protein at
the end of the tunnel, or it could induce a conformationalin crystal structures of TPR proteins [18, 19] such as
the Hsp70 and Hsp90 organizing protein (Hop), terminal change as indicated by our soaking experiments. Possi-
bly the superhelix shape is modulated, e.g., the diameterhelices are nonphysiologically bound in a similar fashion
to the concave surface of the partner monomer TPRs. is changed, and thereby the ridge formed by the loops
between the first helix-bundle motifs is likewise modi-Furthermore, peptides derived from Hop-interaction
partners were found to bind with high affinity in the same fied. Such a change in superhelix structure was reported
for the HEAT repeats of importin  upon complex forma-orientation to the TPR surface [19].
tion with Ran or importin  [38].
Furthermore, the protein interaction interface of DT3Model for the Assembly of Active MalT Oligomers
Three models for MalT oligomerization can be put for- could also be used for binding other proteins, e.g., MalK,
and thereby be involved in repression of MalT by protein-ward employing the protein-protein interaction interface
identified in the DT3 structure. In model I, homologous, protein interactions. It is, however, not the site of interac-
tion with MalY, since DT3 does not bind to immobilizedmaltotriose-modulated interactions between the DT2s
and DT3s of two monomers form dimers, which then MalY (data not shown).
exploit a yet-to-be-identified additional interaction sur-
face of MalT for oligomerization (Figure 4, model I). In Biological Implications
model II, two MalT monomers dimerize through heterol-
ogous interactions by a crossover of the two domains Transcriptional activator MalT integrates many different
signals mediated by DNA conformation [39], small-mole-(Figure 4, model II), again followed by oligomerization
through an additional unidentified interface of full-length cule ligands [40, 41], and various protein-protein interac-
tions [4, 11, 12], thereby resembling eukaryotic tran-MalT. In model III, in contrast, no additional protein inter-
action surface is postulated. The oligomer is assembled scription regulation systems. The main step in the
activation of MalT is the ligand-modulated formation ofin a consecutive way by interactions between DT2 of
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protein solution (7.5 mg/ml) and 1.5 l reservoir solution and equili-homo- and heterooligomeric protein complexes [4, 40,
brated against 0.5 ml reservoir. Initial crystallization conditions were41], and the crystal structure of MalT domain III (DT3)
refined by grid screens to the final conditions 50 mM MES/NaOHpresented here gives first insights into the molecular
(pH 6.5), 1.6 M ammonium sulfate, and 30 mM magnesium sulfate.
mechanism of this regulation process. Crystals of 0.25  0.2  0.2 mm3 size grew within 3 days.
The structure of DT3 reveals a novel superhelix fold
with closed walls. The compact superhelix provides a Data Collection and MIR Phasing
DT3 crystallized in trigonal space group P3221, with cell constantslarge, hydrophobic protein-protein interaction interface
a  b  88 A˚, c  112 A˚, and 54% solvent content. Complete dataand contains a potential internal sugar binding site with
sets of the native protein were collected at room temperature (2.6 A˚a tightly bound glycerol molecule. The protein-protein
resolution) and at 100 K at DESY synchrotron beamline BW6 (1.45 A˚
interaction interface is formed by the concave surface resolution; Table 1). Cryoprotection for data collection at 100 K
and the ridge of the superhelix and resembles (in its was achieved by soaking crystals for 1.5 min with reservoir buffer
architecture and binding mode) protein binding sites of supplemented with 30% glycerol. For MIR phasing, four isomor-
phous heavy metal derivatives were used (Table I). Crystals wereother superhelical proteins, suggesting that this inter-
soaked with 5 mM [Ta6Br12]Br2 (16 hr), 5 mM K2PtCl6 (7 d), 1 mMface is involved in mediating MalT oligomerization. The
K2PtCl4 (18 hr), and 0.8 mM thiomersal (18 hr), respectively. Diffrac-nearby potential sugar binding site seems to enable
tion data were collected at room temperature on a MAR-Research
maltotriose to regulate the oligomerization process, ei- (Hamburg, Germany) image plate detector with a Rigaku (Tokyo,
ther by directly influencing the interaction site or by Japan) RU200 rotating anode X-ray generator. Indexing was done
modulating the superhelix geometry. The presented with DENZO [42] and scaling and merging with SCALA [43]. Heavy-
metal sites were located with SOLVE (Los Alamos National Labora-structure and the derived molecular model for regulated
tory, USA) and refined with MLPHARE [44]. Initial phases fromMalT oligomerization should be helpful for designing
MLPHARE were improved by histogram matching, multiresolutionfurther experiments on the mechanism of this regulation
modification, solvent flattening, and skeletonization with the pro-
process. gram DM [45]. The resulting electron density map calculated at 3.2 A˚
Structure-based sequence comparison of the eight resolution was suitable for initial model building.
two-helix bundle motifs that create the MalT superhelix
Structure Refinement and Analysisidentified a novel, highly degenerate sequence motif
Model building into 2Fobs  Fcalc, Fobs  Fcalc, and 2Fobs  Fcalc compos-that was named SUPR (superhelical peptide repeats).
ite omit maps was done by using O [46]. The model was refined byTandem repeats of SUPR motifs seem to be preserved
simulated annealing and conjugate gradient minimization with CNSin the domains III of other MalT family members, sug-
[47] by using a maximum likelihood target function.
gesting that they use a MalT-like mechanism for the With an initial model including about 75% of the protein atoms,
regulation of their activity. Repeats of three or more rotation and translation searches were calculated in Patterson
space with the high-resolution native data set (using data to 4 A˚SUPR motifs could also be identified in regulator pro-
resolution) with CNS. An overall anisotropic B factor and bulk solventteins not assigned to the MalT protein family, indicating
correction were applied to the data. Into the resulting electron den-a wider occurrence of the MalT superhelix fold, probably
sity map a complete DT3 model could be built, with the exceptionmediating a similar mechanism of ligand-regulated
of two and five residues at the N and C termini, respectively. Refine-
oligomerization. ment was done as described above, omitting 10% of the measured
reflections for use in crossvalidation. In a later stage of refinement,
individual isotropic Debye-Waller factors were refined, and 408 wa-Experimental Procedures
ter, 8 sulfate, 1 glycerol, and 1 benzoic acid molecules were included
in the model. Two side chain conformations were refined for Phe451,Purification and Crystallization
Arg487, Cys500, Ser535, Arg622, Ser646, Asn684, Met724, Gln776,DT3 was expressed at 30C in E. coli strain MC1000malA157 by
and Gln780, with a fixed occupancy of 0.5 for each conformation.using the construct pOM152 [15]. At an OD600 of 0.6 in LB medium
For analysis of the structure, O, CNS, and PROCHECK [48] werewith 250 g/ml ampicillin, overexpression of malT was induced by
used. The intermolecular interactions of the tightly packed dimeraddition of arabinose (final concentration 0.5 g/l). Cells were har-
were analyzed by using the protein-protein interaction server atvested 18 hr after induction by centrifugation (35 min, 4C, 4200
http://www.biochem.ucl.ac.uk/bsm/PP/server/. Comparison of DT3rpm; Beckman JS4.2 rotor) and resuspended in buffer A (50 mM
with structures deposited with the PDB was carried out using theTris-HCl [pH 7.8], 0.5 M KCl, 10% sucrose). Cell disruption was
DALI server [49] at EBI (http://www.ebi.ac.uk/dali/).accomplished by incubation with 0.3 mg/ml hen egg white lysozyme
for 30 min at room temperature, followed by sonification on ice with
Sequence Analysis and Figure Preparationa Branson sonifier (Danbury, CT). After centrifugation (25 min; 20,000
Sequence alignment, motif profile generation, and databaserpm; Beckman JA25.50 rotor), the supernatant was applied to a
searches were done with the programs of the GCG package (GCG,NiNTA (Quiagen, Germany) column equilibrated with buffer A. The
Madison, Wisconsin). For the identification of SUPR-containing se-column was washed with buffer A and bound proteins were eluted
quences, the SWISSPROT, TrEMBL, and PIR databases werewith a linear gradient from buffer A to buffer A
 0.5 M imidazole. DT3
searched with a SUPR profile. Hits with combined p values lower(eluted at about 25 mM imidazole)-containing fractions, identified by
than 1.0  106 were analyzed for the occurrence of at least threeSDS-PAGE, were pooled and 5-fold diluted with 50 mM Tris-HCl
tandemly repeated motifs of 34 to 48 amino acids length that did not(pH 7.7) and 10% sucrose. The protein was applied to a DEAE
contain proline residues in the regions presumably forming helices.sepharose (Pharmacia, Sweden) column equilibrated with buffer B
The presentation of the sequence alignment was prepared with(50 mM Tris-HCl [pH 7.8], 0.1 M KCl, and 10% sucrose). After wash-
ALSCRIPT [50]. Figures of structures were prepared using MOL-ing with buffer B, bound protein was eluted by a linear gradient
SCRIPT [51] and Raster3D [52] (Figures 1a, 1b, 2c, and 3b) or withfrom buffer B to buffer B 
 1 M ammonium sulfate. The fractions
SETOR [53] (Figures 2b and 3a).containing pure DT3 (at about 450 mM ammonium sulfate) were
identified by SDS-PAGE and pooled. The protein was concentrated
to 7.5 mg/ml by using a centriprep 10 (Millipore, Germany), shock- Acknowledgments
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